Atmospheric deposition contributes potentially significant amounts of the nutrients iron, nitrogen, and phosphorus (via mineral dust and anthropogenic aerosols) to the oligotrophic tropical North Atlantic Ocean. Transport pathways, deposition processes, and source strengths contributing to this atmospheric flux are all highly variable in space and time. Atmospheric sampling was conducted during 28 research cruises through the eastern tropical North Atlantic (ETNA) over a 12-yr period, and a substantial dataset of measured concentrations of nutrients and trace metals in aerosol and rainfall over the region was acquired. This database was used to quantify (on a spatial and seasonal basis) the atmospheric input of ammonium, nitrate, soluble phosphorus, and soluble and total iron, aluminum, and manganese to the ETNA. The magnitude of atmospheric input varies strongly across the region, with high rainfall rates associated with the intertropical convergence zone contributing to high wet deposition fluxes in the south, particularly for soluble species. Dry deposition fluxes of species associated with mineral dust exhibited strong seasonality, with the highest fluxes associated with wintertime low-level transport of Saharan dust. Overall (wet plus dry) atmospheric inputs of soluble and total trace metals were used to estimate their soluble fractions. These also varied with season and were generally lower in the dry north than in the wet south. The ratio of ammonium plus nitrate to soluble iron in deposition to the ETNA was lower than the N:Fe requirement for algal growth in all cases, indicating the importance of the atmosphere as a source of excess iron.
Introduction
Atmospheric deposition accounts for approximately 70% of the input of iron (Fe) to the open ocean (Jickells et al. 2005) and is also an important source of fixed reactive nitrogen (N) (Duce et al. 2008; Krishnamurthy et al. 2007; Zamora et al. 2011 ) and soluble phosphorus (P) (Bristow et al. 2010; Mahowald et al. 2008; Ternon et al. 2011 ). This deposition has been shown to directly affect ocean biogeochemistry and primary production (Moore et al. 2009; Okin et al. 2011 ) with fundamentally different surface water biogeochemical regimes in the north and south tropical Atlantic as a result of dust deposition and its impact on the euphotic zone phytoplankton community. The eastern tropical North Atlantic (ETNA) is of interest because of its proximity to the Sahara Desert and Sahel region and also to the atmospheric transport pathway from North Africa and Europe, making it a region of particularly high atmospheric deposition. The flux of Saharan dust to the North Atlantic alone is estimated at 100-220 Tg yr 21 (Duce and Tindale 1991; Kaufman et al. 2005; Prospero et al. 1996) and is the predominant source of iron to the ETNA. In addition, a proportion of the nitrogen-and phosphorus-containing aerosols over the ETNA derive from the biomass burning products that are cotransported with Saharan dust (Chou et al. 2008; Crutzen and Andreae 1990; Real et al. 2010 ) and aerosols transported from Europe or northwest Africa (Savoie et al. 1989) . However, the deposition of Saharan dust to and across this region varies on several different time scales from individual dust storms (on a time scale of days), through seasonality in dust production and transport, to interannual variability related at least in part to climate in dust source regions (Prospero et al. 2014) . The nature of dust transport, and hence deposition, also varies seasonally. For example, maximum dust deposition to the Cape Verde Islands during the winter is associated with dust transport toward South America at lower levels in the atmosphere (Chiapello et al. 1995; Pye 1987) , while peak Saharan dust transport to the Caribbean occurs during the summer months and is associated with transport above the marine boundary layer (Prospero and Lamb 2003; Prospero et al. 2012 ). This variability makes dust deposition, and therefore the atmospheric flux of nitrogen, phosphorus, and trace metals including iron to the ETNA, difficult to constrain. Estimation of the atmospheric supply of nutrients to large oceanic areas, such as the ETNA, and prediction of future changes in this parameter generally requires the use of dust generation and atmospheric transport models (e.g., Luo et al. 2005; Mahowald et al. 2005) . A great deal of information is required to validate these models. Satellite remote sensing can provide good measurements of aerosol mass transport and size distribution (Ben-Ami et al. 2009; Kaufman et al. 2005 ) but provides very little information on the chemical composition of the aerosol and deposition rates.
Records of aerosol and rainfall chemical composition have been obtained at several island sites, some over long time periods [e.g., Barbados (Prospero et al. 1996) , Bermuda (Tian et al. 2008) , and the Cape Verde Islands (Fomba et al. 2013; Fomba et al. 2014) ]. However, the spatial coverage provided by such island sites is rather limited. Sampling from ships provides much better resolution over a larger spatial scale than island monitoring sites. However, shipboard sampling inevitably provides much poorer temporal resolution with relatively smaller numbers of samples than are possible at island sites, and this can make the use of ship data to derive deposition fluxes rather difficult. Baker et al. (2010) and Baker et al. (2013) resolved this problem of representation by collating results obtained from aerosol and rainfall collection during multiple basinscale cruises conducted over a 5-yr period to estimate climatological average atmospheric deposition of N, P, Fe, aluminum (Al), and manganese (Mn) to the whole Atlantic Ocean. They combined characteristic concentrations for aerosols originating from the major source regions around the basin with a climatology of airmass arrivals from those source regions to produce weighted average dry deposition fluxes to five broad areas of the Atlantic. For wet inputs, the available rainwater concentrations in each of those broad areas were pooled to produce volume-weighted mean concentrations, and these were used with climatological rainfall rates to estimate wet deposition. Baker et al. (2010) argued that seasonality in source emissions for N was likely to be low, and they therefore estimated annual average atmospheric inputs despite the nonuniform distribution of their sampling cruises through the year. However, Baker et al. (2013) recognized that this was unlikely to be the case for trace metals because mineral dust transport is strongly seasonal (e.g., Chiapello et al. 1995; Prospero and Lamb 2003; Pye 1987) . They therefore restricted their estimates for Fe, Al, and Mn to the periods for which they had observations (April-June and September-November).
In this work, we use a unique database of aerosol and rain samples collected during 28 research cruises over a 12-yr period to estimate atmospheric inputs of N, P, and trace metals, including Fe, to the ETNA. This very large database allows us to quantify the seasonal and spatial distribution of wet and dry deposition to an ocean region with a biogeochemistry that is profoundly influenced by atmospheric deposition (Schlosser et al. 2014; Ussher et al. 2013 ).
Method
The procedures we have used to estimate atmospheric inputs to the ETNA are based on those we used in our earlier estimates of N and P ) and trace metal (Baker et al. 2013) inputs to the wider Atlantic Ocean. Here, we consider the ETNA to be the area 58S-358N, 148-388W. The northern half of this region experiences very low rainfall rates, while rainfall rates in the southern half are much higher because of the influence of the intertropical convergence zone (ITCZ). The relative importance of wet deposition in the north and south of the ETNA is therefore expected to be rather different, and we make separate atmospheric input estimates for these two areas. As detailed below, we pool the available aerosol and rainwater concentration data for the periods MarchMay (MAM), June-August (JJA), September-November (SON) and December-February (DJF) into the north and south areas in order to assess seasonal variability. We further subdivide these areas each into four smaller boxes (see Fig. 1 ) and use these subregions to describe the variations in atmospheric transport pathways and dry and wet deposition rates on a finer spatial scale. We calculate atmospheric inputs for these subregions (see below) and sum these to produce the estimates for the north and south regions presented here.
Below we give an overview of the observational database used as the basis for our work and brief details of the sample collection and analysis methods used. Further details of sampling and analysis methods for individual cruises are given in the supplemental material and our previous publications.
a. Collection and analysis of samples
Between September 2000 and October 2011 we collected aerosol and rain samples during a total of 28 cruises in or through the ETNA region. Table 1 lists the dates and the number and type of samples collected within our study region for each cruise. Cruise tracks through the region with sampling locations for aerosol and rain samples are shown in Figs. 2 and 3 , respectively. Further details of the cruises are given in Table S1 of the supplemental material for this article.
Aerosol samples were generally collected onto Whatman 41 (occasionally glass fiber) filters using high-volume aerosol samplers (flow rate: 1 m 3 min 21 ) for periods of around 24 h, with the ship facing into the wind to avoid contamination from the ship. Samples were either collected using Sierra-type cascade impactors, with separation into coarse-(aerodynamic particle diameter . 1 mm) and fine-mode (,1 mm) particles, or using a single bulk filter (see supplemental material; Baker et al. 2006 Baker et al. , 2010 Baker et al. , 2013 Baker et al. , 2007 . Aerosol samples were always stored at 2208C immediately after collection. For all 28 cruises, aerosol samples were analyzed for soluble major ions (MI), including nitrate (NO 3 2 ) and, in most cases, ammonium
). During 24 of the cruises, samples were collected for trace metal (TM) analysis. We report results for iron, aluminum, and manganese here. Soluble TMs were determined in all of these samples, and total TMs were determined for samples collected during 18 cruises. We also determined soluble phosphorus (SP) in the samples collected during 19 cruises. Total sample numbers were 348, 307, 304, 224, and 209 for NO 3 2 , NH 4 1 , soluble TMs, total TMs, and SP, respectively.
Rain samples were collected during 12 cruises using 28-or 40-cm-diameter polypropylene funnels attached to low-density polyethylene (LDPE) bottles. Two rain funnels were deployed simultaneously during each rain event: one for the collection of MI samples and the other for the collection of TM samples. The funnels were covered when not sampling to avoid contamination from the passive dry deposition of aerosols. Sampling and sample preservation methods are described by Baker et al. (2007) . Total sample numbers were 45, 43, 8, and 41 ), inductively coupled plasma-optical emission spectrometry (ICP-OES; soluble TMs), instrumental neutron activation analysis (INAA; total TMs) and the molybdenum-blue spectrophotometric method (SP). For full details, see supplemental material and Baker et al. (2010 Baker et al. ( , 2013 .
b. Dry deposition climatology
As in our previous studies (Baker et al. , 2013 , we estimated atmospheric inputs via dry deposition by using our observations to characterize the chemical signature of the various source regions around the ETNA and by determining the frequency of occurrence of air originating from these source regions within each subregion of the ETNA.
The source region affecting individual aerosol samples was assigned based on 5-day airmass back trajectories from the NOAA HYSPLIT trajectory service (Draxler and Rolph 2003) . We used the same source regions considered in our earlier studies (Baker et al. , 2013 . Those relevant for the ETNA were as follows: North American (NAM), remote North Atlantic (RNA), European (EUR), Saharan (SAH), Southern African (SAF), Southern African with a biomass burning signal (SAB), and remote Southern Atlantic (RSA). SAF and SAB air masses were distinguished on the basis of differences in their back trajectories at 1000 m (see Baker et al. 2006 Baker et al. , 2010 . Samples of the SAB type had non-sea-salt K 1 concentrations . 1 nmol m 23 (Baker et al. 2006 ). Air masses classified as RNA or RSA had not had contact with continental landmasses for 5 days prior to observation. Representative concentrations for each source type were taken to be the median of all the observations of that source type in the north or south region for the season in question (see Table 2 ). Although we have a substantial observational database, we did not have enough data to define median concentrations for all source types in all regions and at all seasons. In such cases, we substituted values based on the available data TABLE 1. Sample collection summary for the cruises used in this study. Samples are divided into two types: bulk (b; single filter) and sizesegregated (ss) samples. All aerosol analytes include NO 3 , NH 4 , soluble TM (s-TM), total TM (t-TM), and SP. All rain (All-R) analytes include NO 3 , NH 4 , and total TM (t-TM).
Cruise
Dates within ETNA for the same source type aerosols in adjacent regions or at other seasons. Details of these substitutions are also given in Table 2 . Following Baker et al. (2010) and Baker et al. (2013) , relative uncertainty values were assigned to these median concentrations based on the number of samples available to calculate each median. These relative uncertainties were as follows: 30% uncertainty for number of samples (n) between 5 and 10 and 15% for n . 10. In cases where we had 5 or fewer observations, we used substitute concentrations and assigned relative uncertainty values of 50% where we substituted concentrations for the same source type from a different region in the same season and 75% for all other substitutions. Aerosol deposition fluxes were calculated from the median fine-and coarse-mode concentrations for each source type (i) using 
artificially split concentration data for samples collected or analyzed as bulk aerosol into fine and coarse concentrations (see supplemental material). This was done using the same observations of median fine-coarse distributions used in those earlier works. Deposition velocities used were derived from the Ganzeveld et al. (1998) model, which depends on both particle mass median diameter (MMD) and wind speed. We used the same MMD values as used in our previous work (Baker et al. , 2013 : 0.6 mm for all fine-mode species, 5 mm for coarse-mode TMs, and 7 mm for coarse-mode N species and SP. The seasonally averaged wind speed for each subregion was determined using climatological wind speed data from the European Centre for Medium Table 3 . The probability (w i ) of air from each source area occurring in each subregion of the ETNA was then used to calculate weighted average fluxes for each species using
These probabilities were determined using 5-day airmass back trajectories for every 12 h between 14 March 1999 and 14 March 2009 using ECMWF archive data obtained from the British Atmospheric Data Centre (BADC). Each of these trajectories was assigned to a source type according to its location at 3 and 5 days, as described by Baker et al. (2010) , and probabilities for each source type were calculated as the cumulative number of back trajectories assigned to that type, divided by the total number of trajectories. Source type probabilities for each subregion in each season can be found in Table 4 . Uncertainties in median atmospheric concentration for each category were propagated using the same calculation in order to estimate uncertainty in the average aerosol deposition flux. Tables S4 and S5 , respectively, and fine plus coarse concentration ranges and numbers of observations can be found in Table S6 
c. Wet deposition climatology
We used data from the rain samples collected in the north or south regions to calculate volume-weighted mean (VWM) concentrations (C V ) for each species using
where C i are the individual sample concentrations, and V i the individual collected sample volumes. Similarly to the approach used for our dry deposition estimate, we then combined these with precipitation rates for each subregion to estimate the wet deposition flux (see below). Rainfall rates in the north region are extremely low (Table 3) , and we were only able to collect five rain samples there. We have calculated a VWM concentration for each species based on all these samples and used these concentrations to estimate wet deposition in each of the seasons. In the south region, we have more substantial sample numbers in MAM and SON and have calculated seasonal VWM concentrations for those periods. For JJA and DJF, we have used values of C V calculated from all of the available rain samples in the south. Similar to our previous work , we assign relative uncertainties to these VWM concentrations based on the number of samples collected during each period. The values used for the south were 20% in SON (n . 25), 30% in MAM (n . 10), and 40% in JJA and DJF (for which we used substitute values; see Table 5 ). In the north, we assigned a relative uncertainty of 60% because of the low number of samples and the lack of effective seasonal information available. As was the case for our earlier estimate for the Atlantic (Baker at al. 2013 ), although total TM concentrations were measured for all samples, there were very few rain samples for which soluble TM concentrations had been measured. As before, we used median soluble fraction values for Fe, Al, and Mn in Atlantic rainwater to calculate soluble trace metal concentrations for samples lacking a direct measurement of this parameter. The soluble fraction values used were 6.7%, 13%, and 74% for Fe, Al, and Mn, respectively. The value used for Fe was recalculated from that given by Baker et al. (2013) to include the data of Sedwick et al. (2007) . Volume-weighted mean concentrations for each species are listed in Table 5 .
The wet deposition flux was calculated from VWM concentration and the precipitation rate (Baker et al. , 2013 using
where F W is the wet flux and P is the precipitation rate. Precipitation rates for each subregion were calculated from monthly mean values obtained from the CPC Merged Analysis of Precipitation data (Xie and Arkin 1997) for the period August 1998 to July 2008. The values of P given in Table 3 demonstrate the low precipitation in the north of the ETNA and the migration of the ITCZ between ;158N during July and ;58S during January (Pye 1987) .
Results and discussion
a. Observational database: Aerosol signature concentrations of source regions
As can be seen from Table 4 , the majority of aerosol transported to each subregion is dominated by just one or two source types in any given season. Overall, the northern half of the ETNA is most strongly influenced by the RNA and SAH source regions, while, in the southern half, the relative importance of SAH, SAF, SAB, and RSA source types varies with season. The seasonal chemical signatures for source types for which we have the most complete seasonal record of observations are represented in Fig. 4 , and a summary of median concentrations for all observed source types is provided in Table 2 .
The concentrations of nitrate and ammonium do not vary significantly between seasons, aside from higher concentrations of NH 4 1 in the SAH and RNA airmass types during JJA in the northern half of the region. This broadly confirms the assumption made by Baker et al. (2010) that seasonality in nitrogen sources is low, at least for the ETNA. The majority of the other source types had too few samples to reliably assess their seasonality (see Table S4 ). Buck et al. (2010) , respectively (Fomba et al. 2014) , which are both in relatively good agreement with the median concentrations for the northern half of the region. Fomba et al. (2014) reported maximum NH 4 1 concentrations at the CVAO during spring and early summer and suggested that this might result from a marine biogenic source. Interestingly, JJA NH 4 1 concentrations appear to be elevated in both the RNA and SAH source types in the north of the ETNA. The source of these higher NH 4 1 concentrations is unclear.
In contrast to the nitrogen species, the concentrations of soluble and total trace metals in the SAH source type in both the north and south are particularly high during DJF. Similar patterns were observed for SP. These results are in line with observations by Chiapello et al. (1995) and Fomba et al. (2013) , who reported maximum dust concentrations at the Cape Verde Islands during All  957  7590  26  186  25  394  1430  34  5  South  MAM  1690  6140  22  100  14  326  774  19  12  JJA  0  SON  5940  4510  21  133  16  492  1280  24  29  DJF  0  All  5220  4780  21  129  16  470  1210  23 41
winter. Strong winter deposition of dust from trade winds has also been observed in sediments from the eastern equatorial Atlantic (Stuut et al. 2005) . In JJA, high-level transport in the Saharan air layer carries large amounts of dust across the Atlantic to the Caribbean and North America (Prospero et al. 2014) . However, our results suggest that little of this material is found at the surface of the ETNA covered by our study. The relatively low concentrations of TMs we observed (with respect to those observed in DJF) are consistent with satellite-borne lidar observations, which show that most dust transported over our study region in JJA occurs above the marine boundary layer (Adams et al. 2012 Table S4 .
b. Observational database: Volume-weighted mean rain concentrations Table 5 shows the volume-weighted mean rainfall concentrations used to calculate the wet deposition fluxes. Concentrations of most species were slightly higher in the north than in the south, although with so few samples available for the north it is not clear whether this difference is representative.
There are not many published rainwater concentrations for nutrients or trace metals for this area, but Buck et al. (2010) Table 6 , with total atmospheric inputs for each season given in Table 7 . The differing precipitation rates in the north and south of the ETNA appear to have a major impact on the mode, magnitude, and seasonality of the atmospheric deposition of nutrients and trace metals. Wet deposition is the dominant mode (.80% of total) for most species in the south, and dry deposition rates are lower there than in the north. Higher precipitation rates, lower dry deposition velocities (caused by lower wind speeds), and slightly lower aerosol concentrations in the south may all contribute to this. In the north, the wet deposition contributes 15%-50% of the total NO 3 2 flux, with the highest dry-wet ratio being observed during JJA. Similar dry-wet ratios were observed for ammonium. In contrast, in the south, the wet flux of NO 3 2 was 76%-91% of the total, with corresponding values of 90%-97% for NH 4
1
. The importance of wet deposition is much lower for total Fe and Al. In contrast, wet deposition makes a larger contribution to the flux of total Mn in the south (.75% in most seasons). This effect results in the preferential removal of total Mn in wet deposition (as compared to total Al and Fe), and this implies that at least a fraction of Mn is not internally mixed with Fe and Al in dust aerosol. We have previously noted similar behavior for the Atlantic as a whole and suggested that the effect is probably related to the higher solubility of Mn (Baker et al. 2013 ).
For most species, atmospheric fluxes are higher to the south throughout the year, again because of the influence of wet deposition there. There is very little seasonality in deposition fluxes of N species to the north but more variability in wet fluxes to the south (Fig. 5) . To some extent, the variations in NH 4 1 and NO 3 2 oppose one another (e.g., in SON), but the total inorganic N flux to the south in MAM is ;56% of the equivalent flux in SON. The dry deposition fluxes of the dust-associated species (SP, Fe, Al, and Mn) all show strong seasonality, primarily driven by low-level dust transport in DJF (Chiapello et al. 1995) . In the north, these species also exhibit relatively high fluxes in JJA, probably as a result of dust deposited from the high-level Saharan air layer transport (Prospero et al. 2014) . Assuming dust contains 8% by mass Al, our results indicate that the north and south of the ETNA receive on average ;10.1 and 8.8 Tg dust yr 21 , respectively.
In Table 8 , we illustrate the effect that uncertainty in characteristic aerosol concentrations and rainwater VWM concentrations (see sections 2b and 2c) introduces into our calculations. Although we assigned relative uncertainties in our dry deposition calculation of up to 75% for poorly sampled aerosol source types, the overall uncertainty in the dry deposition flux (or input) calculations was below 20% in most cases. This indicates that the climatologically most important aerosol source types (see Table 4 ) are well represented in our observational database in most cases. Notable exceptions to this occur in the south in JJA, where we have relatively few observations for any of the species (Fig. 2) . Similarly, the high relative uncertainty (60%) we assigned to the rainwater VWM concentrations in the north had relatively little impact on the overall (dry plus wet) uncertainty in that region because of the low precipitation rates there. Overall, uncertainties using these approaches were in the range 14% (t-Al in the south in SON) to 40% (NH 4 1 in the north in SON).
We have also examined the influence of variability in source-type aerosol concentrations on the magnitude of our dry deposition estimates. To do so, we repeated our dry flux calculations using lower-and upper-quartile aerosol concentrations for each species and source type, instead of the median values used in our baseline calculations. In Table S7 , we compare, on a regional and seasonal basis, the results of these calculations to our baseline estimates (Table 6 ) and the dry flux uncertainty calculated on the basis of numbers of samples collected (Table 8) . We also represent the uncertainty in dry inputs to the whole ETNA using both methods in Fig. S1 . For some species, notably NO 3 2 and SP, the two uncertainty estimates are similar, but for the trace metals, and in particular the total trace metals, the uncertainty estimated using the interquartile range is higher by at least a factor of two (Table S7 ). As indicated above, the impact of these higher dry uncertainties will be greater in the north than in the south. In addition to the factors discussed above, there are a number of sources of uncertainty in our estimates of dry and wet deposition to the ETNA. For dry deposition, these include the following: the representativeness of the aerosol samples collected (in terms of their expected frequency of occurrence for a given air source type and their spatial distribution within the ETNA), dry deposition velocities, and the effects of our choices of mean particle diameters and fractions of total aerosol concentrations in the coarse and fine mode (where these were not directly measured) on calculated dry deposition fluxes. For wet deposition, sources of uncertainty include the spatial distribution and numbers of rain samples, as well as the estimates of precipitation rates used to calculate wet deposition fluxes. We have discussed these factors in detail in our earlier studies (Baker et al. , 2013 and direct the interested reader to those works.
Of those factors, we consider uncertainty in the absolute accuracy of estimated dry deposition velocities and poor characterization of rainfall composition as a result of limited sampling (particularly in the north) to dominate the uncertainty in dry and wet deposition estimates, respectively. Duce et al. (1991) estimated that the uncertainty in dry deposition velocities was 
approximately a factor of 2-3. The significance of this uncertainty varies markedly across the ETNA. For example, in the north in JJA, doubling the dry deposition velocity increases the overall atmospheric input by 73%-97%, depending on species, whereas the same increase in the south would increase the overall atmospheric input by only 2%-35% in the same season.
d. Trace metal soluble fraction
Overall percentage soluble fractions [(100 3 dry plus wet input of soluble TM) O (dry plus wet input of total TM)] for Fe, Al, and Mn are shown in Table 9 . As we have noted previously (Baker et al. 2013) , these values take account of the input of material from multiple sources, via both dry and wet deposition, and over time periods comparable to the residence times of TMs in surface seawater (Croot et al. 2004) . They therefore more accurately represent the environmental behavior of atmospheric inputs to the ETNA than measurements made on individual aerosol or rainwater samples.
Soluble fractions were generally higher in the south, driven by the higher TM solubility in rainwater than aerosol and the high rainfall rate there. In both the north and south, the lowest soluble fractions for all the TMs were observed in DJF when (lower solubility) dry dust deposition was at its highest. For all the TMs, there appears to be a weak relationship between overall soluble fraction and the percentage of total TM in wet deposition [(100 3 wet input) O (dry 1 wet input)]; relationship not shown]. For Fe, soluble fraction varies from 1%-1.5% at ;5% wet deposition of total Fe to 3%-4% at ;70% wet deposition.
e. Nitrogen to iron ratios
Our concurrent estimates of NH 4 1 , NO 3 2 , and soluble Fe inputs to the ETNA allow us to determine the (inorganic) N:s-Fe ratio of atmospheric deposition to the region (Fig. 6 ). Further atmospheric input of N to the ETNA will occur as a result of deposition of other species, such as aerosol and rainwater organic N (e.g., Lesworth et al. 2010 ) and gas phase NH 3 and HNO 3 , so the N:s-Fe ratios we quote are lower limits. For most of the year, this ratio is higher in the south than the north because of the high rates of wet N deposition in the south. In the north, N:s-Fe is extremely low in the DJF dusty period. We compare these values to the N:Fe quota for algal growth under Fe-replete conditions (11 600 mol mol
21
; Sunda 1997) and note that the atmospheric input to the ETNA is considerably enriched in Fe, relative to these requirements, throughout the year. While algal productivity in much of the ETNA is likely to be limited by N availability, atmospheric deposition has the potential to supply external Fe to meet the requirements of nitrogen-fixing primary producers there (Mills et al. 2004) . Note, however, that in waters that receive abundant supplies of mineral dust, such as the ETNA, dissolution of Fe from atmospheric deposition is likely to be controlled by the Fe saturation state of the receiving seawater (Baker and Croot 2010 ). This effect is likely to reduce the extent of Fe dissolution upon deposition to the ETNA and therefore lead to higher N:s-Fe ratios for the atmospheric input than calculated here. (Johnson et al. 2008) . Our study reveals the spatial and seasonal variations in atmospheric deposition to the ETNA and highlights the significant roles played by the distribution of, and variations in, rainfall (particularly in the ITCZ) and the source strength and altitude of atmospheric transport of mineral dust generated in the Sahara/Sahel region. This dynamic atmospheric deposition regime has a major impact on the biogeochemistry of the ETNA (Schlosser et al. 2014) . Our deposition estimates allow us to calculate overall soluble fractions for the trace metals and the N:s-Fe ratio of the atmospheric input. The former appear to increase with the percentage of TM deposited by wet deposition, while the latter implies a large excess (relative to algal requirements) of atmospheric Fe supply to the ETNA.
Conclusions

